In aortic valve stenosis (AS), having a small aortic root may influence both the assessment of AS severity and the treatment strategy. The aim was to test the prognostic implications of having a small aortic root in AS within a large prospective study.
Introduction
Risk assessment in patients with aortic valve stenosis (AS) is primarily based on stenosis severity, left ventricular (LV) function, and the clinical assessment of symptoms. 1, 2 In AS patients with a small aortic root, post-stenotic pressure recovery is higher, and the adjustment of aortic valve area (AVA) for pressure recovery is documented as a more accurate assessment of AS severity in such patients. 3, 4 Aortic valve replacement in AS patients with a small aortic root has been associated with the high risk for prosthesis -patient mismatch and subsequent impaired post-operative clinical and prognostic improvement. 5 Studies in post-operative patients have reported a small aortic root to be more prevalent among elderly women and associated with a high burden of cardiovascular risk factors and co-morbidities and greater early and late post-operative mortality. 5, 6 However, whether having a small aortic root in itself influences outcome during the progression of AS has not previously been assessed in a large, prospective study. This was the aim of the present analysis.
Methods

Patient population
The present sub-study was prospectively planned within the Simvastatin and Ezetimibe in Aortic Stenosis (SEAS) study that randomized 1873 patients with asymptomatic, mostly moderate AS to placebo-controlled combined treatment with simvastatin 40 mg and ezetimibe 10 mg daily for a median of 4.3 years (range 5 days to 6.9 years). 7 The present study population comprises 1560 (83.3%) patients in whom inner aortic diameter at the sinotubular junction could be measured. Compared with excluded patients, the present study population did not differ in age, sex distribution, or body mass index. The SEAS study was approved by regional ethics committees in all participating countries. All patients gave written informed consent.
Echocardiography
Echocardiograms were obtained at 173 study centres in 7 European countries following a standardized protocol 7 -9 and sent for expert interpretation at the core laboratory. The quantitative echocardiography and assessment of AS were performed following the joint European Association of Echocardiography and American Society of Echocardiography guidelines. 10 The end-diastolic inner diameter and anterior wall thickness of the ascending aorta were measured at the sinus of Valsalva and sinotubular junction levels ( Figure 1) . A small aortic root was defined as aortic sinotubular junction diameter indexed for body height ,1.4 cm/m in women and ,1.5 cm/m in men. 11 Peak aortic jet velocity was measured from different windows by imaging and non-imaging transducers, and the highest velocity was used for tracing of the time -velocity integral. 10 10 Systemic arterial compliance (SAC) was calculated as stroke volume indexed for BSA/pulse pressure ratio, 13 and valvuloarterial impedance as a measure of global LV load, as (systolic blood pressure + mean net aortic gradient)/stroke volume index.
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Endpoints
Pre-specified study endpoints were adjudicated by an independent committee. 7 This analysis used the secondary endpoints, aortic valve events (combined aortic valve replacement, hospitalization for heart failure due to AS progression, and cardiovascular death) and ischaemic cardiovascular events (ICE) [combined non-fatal myocardial infarction, percutaneous coronary intervention, hospitalization for unstable angina, coronary artery bypass grafting (CABG), non-haemorrhagic stroke, and cardiovascular death], and a tertiary endpoint, total mortality. 7 
Statistical analysis
Data analysis was primarily performed using IBM SPSS version 22.0 (IBM Corporation, Armonk, NY, USA). All continuous variables were normally distributed. The study population was grouped according to the presence or the absence of a small aortic root at baseline. Continuous variables are presented as mean + standard deviation and categorical variables as percentages. Groups were compared by Student's unpaired t-tests or ANOVA with Scheffe's post hoc test, as appropriate. Covariables of a small aortic root were identified in uni-and multivariable logistic regression analyses using an enter procedure and reported as odds ratio (OR) and 95% confidence interval (CI). Multivariable analysis was based on univariable associations and collinearity assessment. Goodness of fit was tested by the Hosmer -Lemeshow test. Annual event rates per 1000 patient-years were calculated. Cumulative hazard rates calculated by Kaplan -Meier were compared between groups using the logrank test. Multivariable Cox models were adjusted for baseline characteristics of a small aortic root identified in the present study (aortic root wall thickness at sinotubular junction, LV mass, ELI, SAC, and sex), for randomized study treatment in the primary model, and for known prognosticators in asymptomatic AS (sex, hypertension, ELI) and aortic valve replacement in the secondary model and were reported as hazard rate (HR) and 95% CI. To test if the presence of a small aortic root at baseline improved cardiovascular event prediction, the predictive performance of multivariable Cox models with and without a small aortic root among the covariables was compared by receiver operating characteristic (ROC) curve analysis and by net reclassification improvement (NRI) and integrated discrimination improvement (IDI) using classification and reclassification analysis with R-2. 
Results
Prevalence and covariables of a small aortic root
Patients with a small aortic root (n ¼ 270, 17.3%) had a higher prevalence of hypertension compared with the rest of the study population (P , 0.05, Table 1 ). Patients with a small aortic root also had larger aortic root wall thickness at the sinotubular junction, lower prevalence of LV hypertrophy, lower SAC, and more severe AS when AVA and AVAI was used, but less severe AS when pressure recovery adjusted valve area (EL and ELI) was used (all P , 0.05, Table 2 ). Women had higher pressure recovery, lower LV mass index, aortic wall thickness at sinotubular junction, and lower SAC (all P , 0.01), compared with men. Study treatment allocation was not stratified for a small aortic root but did not differ between groups with a small and a normal aortic root (P ¼ 0.485).
In a multivariable logistic regression analysis, having a small aortic root was associated with female sex, larger aortic root wall thickness at the sinotubular junction, higher pressure recovery, and lower SAC and LV mass index (all P , 0.05, Outcome in AS patients with a small aortic root
Patients with a small aortic root had higher annual event rates of ICE, non-haemorrhagic strokes, and cardiovascular death (all P , 0.05) ( Table 4 ). All but one CABG procedure was performed concomitant with the aortic valve replacement. In the Cox regression analysis, having a small aortic root at baseline was associated with higher hazard rates of ICE, in particular non-haemorrhagic stroke and cardiovascular death (all P , 0.05), also after adjusting for baseline characteristics of a small aortic root identified by a multivariable logistic regression analysis ( Table 5 ). In the subsequent Cox regression analysis, adjusting for confounders including randomized study treatment, sex, hypertension, AS severity by ELI, and aortic valve replacement during follow-up, the presence of a small aortic root retained its association with higher hazard rates for ICE, non-haemorrhagic stroke, and cardiovascular death (all P , 0.05) ( Table 6 ). No significant association was found between active study treatment and hazard rates of non-haemorrhagic stroke or cardiovascular death in these models. Event-free survival was significantly lower in patients with a small aortic root (Figure 2A -C ) . Also when using an alternative definition of a small aortic root (sinus of Valsalva diameter ,1.6 cm/m in both sexes), 11 a small aortic root was associated with a higher hazard rate of ICE [HR 1.42 (95% CI 1.04-1.93), P ¼ 0.024] after adjustment for the same confounders. In a secondary analysis, inner aortic sinotubular junction diameter was divided into tertile groups. Survival free from ICE was significantly lower in the lowest tertile compared with that in the middle and upper tertiles (both P , 0.05) (Figure 3) . In reclassification analysis, the NRI was 254.5% for those with ICE and +67.6% for those without events, resulting in an overall NRI of 13.1% (95% CI 0.02 -0. 
Discussion Small aortic root and outcome
This study is the first to demonstrate that the presence of a small aortic root in itself is associated with increased cardiovascular morbidity and mortality during the progression of initially mostly moderate, asymptomatic AS. Having a small aortic root was associated with higher hazard rates of ICE, in particular non-haemorrhagic stroke and cardiovascular death, also after adjusting for baseline characteristics of a small aortic root and known prognosticators in AS including concomitant hypertension, 9,15 sex, 16 AS severity, 4, 15, 17, 18 and aortic valve replacement 19 during study follow-up.
However, improved risk prediction beyond these well-known prognosticators was not demonstrated in combined reclassification and ROC analysis. Thus, our results are mainly hypothesis generating, and the association of a small aortic root with increased cardiovascular morbidity and mortality needs further exploration in less-selective AS populations. 
Small aortic root: definitions and covariables
A small aortic root is a frequent finding in AS patients, reported in 17-33%, 4, 5, 20, 21 but inconsistent definitions have been used, reflect-
ing that no precise definition of a small aortic root is given in current guidelines. 2, 22, 23 The indexation of the aortic diameter to body size is recommended. 10, 11, 24 The inner aortic root diameter is recommended by the American College of Cardiology/American Heart Association guidelines for the diagnosis and management of patients with thoracic aortic disease 23 and also routinely used in other imaging modalities such as magnetic resonance 25 and computed tomography. 26 Because the aortic sinotubular junction is well defined in most AS patients, we chose the inner aortic sinotubular junction diameter based upon recently published normal values for the identification of a small aortic root. 11 To avoid the overestimation of adjustment in obese subjects (.30% in our population), we chose to index aortic diameter for body height. 27, 28 The average aortic annulus diameter was 2.13 cm in the small aortic root group, comparable to previous studies. 5, 20 The phenotypic characteristics of a small aortic root in previous studies have been female sex, higher age, hypertension, diabetes, hyperlipidaemia, and concomitant coronary artery disease. 5, 20 However, the SEAS study excluded patients with diabetes, known cardiovascular disease, or any indication for lipid lowering treatment, but had high proportions of patients with hypertension and obesity. 9, 27 The present study expands current knowledge by demonstrating that in patients with asymptomatic, mainly moderate AS, a small aortic root not only reflected a high-risk phenotype with the clustering of cardiovascular risk factors and co-morbidities 5, 6 but in itself predicted an impaired prognosis during the progression of AS. Furthermore, having a small aortic root was associated with lower SAC and higher aortic root wall thickness, possibly reflecting more arterial remodelling or systemic atherosclerosis in these patients. This hypothesis is supported by the association of a small aortic root with higher hazard rates of ICE, in particular non-haemorrhagic stroke and cardiovascular death, independent of confounding factors. The association of lower SAC with smaller aortic root dimensions is consistent with recent findings in the population-based Strong Heart Study. 28 In their study, an association of smaller aortic root with carotid arterial remodelling, including higher carotid intima-media thickness and relative wall thickness, was demonstrated. 28 Taken together, the findings in our AS population and the population-based Strong Heart Study 28 point to that a small aortic root may not just reflect smaller body size but rather atherosclerotic remodelling as the underlying pathophysiology. The association between higher pulse pressure and smaller aortic root dimension has previously been demonstrated in hypertensive patients. 29 Interestingly, patients with a small aortic root had less LV hypertrophy, reflecting that patients with a small aortic root had more pressure recovery and therefore a less severe AS. This likely translated into lesser LV pressure overload and less LV hypertrophic response, consistent with our findings. Women with smaller body size, older age, and hypertension constitute the majority of patients with a small aortic root when unadjusted aortic diameter is used. 5, 20, 21 In the present study, the prevalence of a small aortic root was comparable in women and men, but when adjusting for sex differences in pressure recovery, LV mass index, aortic wall thickness at the sinotubular junction, and SAC, female sex was associated with the presence of a small aortic root. The aortic root wall thickness in the present study population was higher than reference values in healthy younger subjects 11 and comparable to that reported in patients with aortic atherosclerosis. 30 
Study limitations
The SEAS study excluded patients with atherosclerotic disease or diabetes by design, and the implementation of results in lessselective groups of AS patients should be done with caution. Despite the inclusion of a relatively low-risk AS population, patients with a small aortic root was identified as a subgroup with impaired outcome. It would be essential to have future verification of outcome in a small aortic root in less-selective AS populations. The computer tomography assessment for aortic root or aortic valve calcification was not included in the SEAS study. We therefore could not assess the impact of aortic root or aortic valve calcification on stroke incidence. All valve replacements were surgical procedures, precluding comparison between surgical and catheter-based aortic valve replacement. The comparison of outcome in patients with a small aortic root who did or did not undergo aortic valve replacement was not possible due to the limited event number.
Conclusions
In patients with asymptomatic AS participating in the SEAS study, the presence of a small aortic root was characterized by larger aortic root wall thickness, lower LV mass, lower SAC, less severe AS by ELI, and female sex. Having a small aortic root was associated with increased hazard rates of ICE, independent of these characteristics and independent of other well-known prognosticators in AS including AS severity, concomitant hypertension, and aortic valve replacement during follow-up. The findings suggest a relation between the presence of a small aortic root and more advanced atherosclerosis, which should be further explored in future studies.
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